Upon landing of a spacecraft, a large shock load can lead to such undesirable responses as rebound, swing vibration, sideslip, and tripover of the spacecraft. This paper discusses the problem of controlling these shock responses by means of momentum exchange impact dampers, especially the active momentum exchange impact damper. The momentum exchange impact dampers are classified into two types: the passive momentum exchange impact damper composed of passive elements and the active momentum exchange impact damper that includes active actuators. The active momentum exchange impact damper can greatly reduce the effects of shock responses. First, landing systems consisting of momentum exchange impact dampers are designed to conduct simulations and model a two-legged system. The passive momentum exchange impact damper mechanism is a one-degree-of-freedom vibration system. The active momentum exchange impact damper mechanism employs electrical motors as actuators in addition to the passive momentum exchange impact damper components. To assess the effectiveness of the control system, three cases are simulated: without momentum exchange impact damper, with passive momentum exchange impact damper, and with active momentum exchange impact damper. The results of the simulations show that the active momentum exchange impact damper is most effective in controlling spacecraft landing responses. 
Upon landing of a spacecraft, a large shock load can lead to such undesirable responses as rebound, swing vibration, sideslip, and tripover of the spacecraft. This paper discusses the problem of controlling these shock responses by means of momentum exchange impact dampers, especially the active momentum exchange impact damper. The momentum exchange impact dampers are classified into two types: the passive momentum exchange impact damper composed of passive elements and the active momentum exchange impact damper that includes active actuators. The active momentum exchange impact damper can greatly reduce the effects of shock responses. First, landing systems consisting of momentum exchange impact dampers are designed to conduct simulations and model a two-legged system. The passive momentum exchange impact damper mechanism is a one-degree-of-freedom vibration system. The active momentum exchange impact damper mechanism employs electrical motors as actuators in addition to the passive momentum exchange impact damper components. To assess the effectiveness of the control system, three cases are simulated: without momentum exchange impact damper, with passive momentum exchange impact damper, and with active momentum exchange impact damper. The results of the simulations show that the active momentum exchange impact damper is most effective in controlling spacecraft landing responses. Chang'e-3 is to be launched by the China National Space Administration in 2013, Chandrayaan-2 is to be launched by the Indian Space Research Organization in 2013, the Selenological and Engineering Explorer 2 (SELENE-2) is to be launched by the Japan Aerospace Exploration Agency in the mid-2010s [1] , MoonNEXT is to be launched by the European Space Agency between 2015 and 2018 [2] , and Luna-Glob is to be launched by the Russian Federal Space Agency (Roscosmos). In the SELENE-2, accurate landing is identified as an important technological goal.
From lunar orbit to the vicinity of the lunar surface, a spacecraft should undergo four phases: Hohmann transfer, powered descent, attitude maneuver, and vertical descent [3] . After the final phase, the retrorocket of the spacecraft is cut off at an altitude of several meters; thus, the spacecraft lands on the surface of the moon with a free-fall descent. This contributes to reducing the volume of levitating regolith, minimizing the risk of tripping, and avoiding retrorocket fuel contamination of the planetary surface. Because the Surveyor 3 spacecraft failed to cut off its retrorocket on time, it horizontally rebounded twice [4] . The retrorocket of a spacecraft should be cut off just before landing; that is, the spacecraft should employ a mechanism that suppresses the impact due to landing after a free-fall descent.
Regarding impact due to landing, issues that need to be resolved are the dissipation of shock energy and the reduction of maximum acceleration. The maximum acceleration occurs approximately halfway through the period of impact; if the shock energy cannot be dissipated during this period, the spacecraft will rebound. The rebound responses can occur in various forms; for instance, if the spacecraft legs touch the lunar surface simultaneously, translation in the vertical direction occurs, but if they touch asynchronously, rotation at a roll and pitch angle occurs, and the spacecraft may then trip over. Safe landing must be guaranteed, wherever the spacecraft lands. Thus, a safe and reliable landing technique is highly desired.
Various landing gear systems have been proposed, and they can be categorized into the following four types (three of which are discussed in [3] ) according to their operating mechanism: 1) elastic damping, e.g., using pistonlike landing legs; 2) plastic deformation, e.g., using crushable materials such as honeycomb material, foam, or balsa wood, or structures such as tubular struts and retrorocket nozzles; 3) fluid damping, e.g., controlling the fluid pressure or flow rate using airbags [3] ; and 4) mechanical momentum exchange, e.g., propelling an optional retrorocket or using a momentum exchange impact damper (MEID).
The second type of landing gear system is used most frequently. The spacecraft in the Surveyor series and the later Luna series used an aluminum honeycomb material in the swing-arm design [5] . The lunar module in the Apollo mission used an aluminum honeycomb material in the cantilever design [6] . The landers in the later Venera series and Vega series employed a crushable impact bumper [7] . The landing capsules in Rangers 3 to 5 used a damping structure made of balsa wood [8] .
One main function of the aluminum honeycomb, which has been used most frequently in lunar landing missions, is to dissipate shock energy. A leg with an aluminum honeycomb structure can suppress responses of all types, including rebound, rotation (swing vibration), sideslip, and tripover. In addition, appropriately precrushing the aluminum honeycomb reduces the maximum acceleration during impact; however, unexpected circumstances may lead to fatal results, because the aluminum honeycomb works passively. Moreover, the problem with aluminum honeycomb is that it cannot be reused after it is crushed; that is, an aluminum honeycomb that is tested on Earth cannot be used on the moon. Since it is difficult to assure the redundancy of the landing gear system, a reusable landing gear is highly desired from the viewpoint of reliability.
From the preceding discussion, it is clear that the landing gear system must carry out the following functions: absorb impact, prevent rebound, and eliminate effects such as nuisance due to terrain on the planetary surface, geometric conditions such as horizontal velocity and height at the beginning of a free fall, and timing when legs touch the surface; the landing gear system must also be easy to reuse, exhibit high stiffness and low weight, and accommodate variations in the roll and pitch angle.
In this paper, with the objective of reducing the effects of shock responses upon landing, the authors apply MEIDs, especially the active MEID (AMEID), to the landing mechanism. This MEID mechanism is considered to be effective in handling such shock responses; the MEID mechanism should therefore be useful in resolving the problems described in this paper. Thus, the main purpose of this paper is to verify the effectiveness of the MEID mechanisms.
To compare the effectiveness of the applied mechanisms, the authors discuss three types of landing models: a model without a MEID, a model with a passive MEID (PMEID), and a model with an AMEID. In particular, the authors evaluate the effectiveness of the MEID mechanisms in controlling spacecraft rebound, swing vibration upon inclined landing, sideslip upon landing on a slope, and tripover upon landing on stepped ground. Note that the main objective of this study is not the reduction of the maximum acceleration at the time of landing: a discussion of which can be found in [9] . To evaluate experimental systems, an approximated model based on a similarity rule (the 1 6 G similarity rule) is simulated in this study.
II. Momentum Exchange Impact Damper Mechanisms
To address the problem of shock responses, MEID mechanisms have been proposed [10] [11] [12] . MEIDs were first used to solve the problem of shock vibrations in multistory structures [10] . A MEID reduces the shock vibrations of an object by exchanging the momentum of the object with its own momentum. The MEID is compared with a two-mass system consisting of a controlled object and a mass called a damper. Figure 1 shows the mechanism of momentum transfer, which resembles a balance ball such as a billiard ball; this mechanism is called the balance ball mechanism in this paper.
Impact Source
Object Damper Fig. 1 Conceptual diagram of a MEID.
When the controlled object collides with an impact source, as shown in Fig. 1 , the momentum of the controlled object increases because of the shock load. At this instant, the damper of the MEID collides with the controlled object, and the damper absorbs a part of the momentum of the controlled object.
The transfer of momentum is derived from the law of conservation of momentum. As a result of the momentum transfer, the shock vibration of the controlled object can be suppressed. Here, the case in which the masses of the impact source, of the controlled object, and of the damper are the same (and in which friction losses, etc. can be ignored) is considered. Under these conditions, all the momentum of the controlled object can be transferred, and the controlled object can maintain its initial position. Even if the components have different masses, part of the momentum of the controlled object is transferred, and the motion of the controlled object can be reduced according to the same principle. This is the mechanism by which the effects of shock responses are reduced. Some authors have compared the effectiveness of the MEID [10] [11] [12] in reducing such shock effects with that of other methods, such as the use of tuned mass dampers (TMDs), as shown in [13, 14] . References [10] [11] [12] suggest that MEIDs are superior to such traditional methods as TMDs from the viewpoint of reducing initial large shock acceleration.
MEIDs can be classified into two types according to the type of mechanism employed for momentum transfer. One type is the PMEID, which is composed only of passive elements, such as linear springs and dashpots. The other is the AMEID, which includes active actuators in addition to passive elements.
The PMEID offers several advantages over existing vibration control mechanisms, such as TMDs. One major advantage is that the effects of the initial large shock load can be reduced [11] . This is possible because the impulse transferred to the controlled object from the impact source is reduced by the balance ball mechanism. When a spacecraft lands, a large first wave dominantly generates undesirable responses. Therefore, it is crucial to control the first wave of the shock load. Although the PMEID is effective in controlling the first wave, parameters such as the mass of the damper and the contact stiffness between the controlled object and the damper must be tuned so as to ensure adequate control performance. This means that the PMEID offers less robustness in relation to parameter variations. In particular, the damper needs to have a balanced mass in order to absorb the momentum of the controlled object because it employs the balance ball mechanism. Consequently, the damper may be too large for application to general structures.
To compensate for the disadvantages of the PMEID, such as the large damper and low robustness, actuators are used. This structure is called the AMEID [12] . A system with an AMEID can carry out active control, which enables it to deal with parameter variations. A conceptual diagram of the AMEID is shown in Fig. 2 . Compared with the PMEID, the AMEID can greatly reduce the effects of shock responses, owing to its effective momentum exchange through the actuators. This effective momentum exchange is possible because the actuators induce active repelling forces in both the object and the damper, in addition to the contact force. Therefore, the mass and the size of the damper can be reduced in the AMEID. This improvement allows the MEID to be applied in a large number of fields. Avoiding excess mass is particularly important in space exploration. Furthermore, improved robustness is expected on account of the active control. The aforementioned advantages indicate that the AMEID is suitable for addressing the issues presented in this paper, namely, a large shock load and the need for adaptability to various terrains.
III. Modeling the Landing System A. General Specifications
To address the problems mentioned in the previous section, a landing gear system with MEIDs is designed, and the system is analyzed through mathematical modeling. The landing models are simplified as two-legged systems. Thus, analysis of the motion of the system is conducted in reference to vertical and horizontal translational motions and pitching rotational motions; the motion is therefore in two-dimensional space and has three degrees of freedom. Figure 3 shows the conceptual landing model with AMEIDs.
In this paper, the landing system is assumed to be composed of a spacecraft and landing ground. The spacecraft consists of a main body, two landing legs, and MEID mechanisms. The main body is regarded as a particle for which the mass is concentrated at its center of gravity. The landing legs are rigidly fixed at either end of the main body and include passive elements such as linear springs and dashpots, as shown in Fig. 3 ; footpads are attached below the legs. These landing legs are called passive legs in this paper. MEID mechanisms are attached at each shoulder of the spacecraft. In this paper, a damping mechanism using MEIDs is called the damper, and the linear passive damping element is called the dashpot. Both are clearly distinct.
To compare the effectiveness of the proposed mechanism, three types of models are considered: 1) a model without MEIDs, 2) a model with PMEIDs, and 3) a model with AMEIDs.
The PMEID mechanism is assumed to be a one-degree-offreedom vibration system. The AMEID mechanism employs voice coil motors as actuators in addition to the PMEID components. Figure 4 presents the model without MEIDs (Fig. 4a ) and the model with PMEIDs (Fig. 4b) .
The model of the landing ground reproduces the conditions of regolith soil [15, 16] . The soil is a one-degree-of-freedom vibration system that moves with the footpad. However, the assumed soil mass moves only downward, and passive elements of the soil generate an upward force only. This characteristic is called one-side effectiveness.
Contact between the spacecraft and the soil is achieved by passive elements specific to the footpad. In addition, resistance of the soil to horizontal motion is assumed to have one-side-effective damping via the dashpot and Coulomb friction. The former is regarded as resistance against a wall of the footpad, and the latter is regarded as the friction of the base of the footpad.
B. Landing on Flat Ground
For the landing models, the motion of the model with AMEIDs, shown in Fig. 3 , is first analyzed in detail. In this model, the spacecraft can move around the two-dimensional space. In this case, the force working on the landing leg has a horizontal component. To represent this horizontal force, the authors implement horizontal passive elements in the passive leg, as shown in Fig. 3 . The AMEID motion is also fixed so that there is only movement parallel to the axis of the AMEID. In addition, footpads are assumed to be attached by free joints such that they do not make slanted contact with the soil. Thus, the footpad is assumed to make exactly vertical contact with the soil. All the components of the system have symmetry parameters, as listed in Table 1 . In this paper, index i refers to l (left) or r (right). In Table 1 To derive the equations of motion of the system, forces working on the system are analyzed in detail. The forces are identified as follows: 1) the axial force of the passive leg f pi t, 2) the radial force of the passive leg f qi t, 3) the normal force from the soil f ci t, 4) the horizontal force from the soil f hi t, 5) the force from the actuator f AMEIDi t, and 6) the force from the damper f di t.
Forces 1 and 2 derive from the stretch motion of the passive elements of the passive legs. These passive forces of the legs are given by
where the symbols with an overbar denote the axial displacement of each part. The axial displacements shown in Eq. (1) are described as follows:
Forces 3 and 4 derive from the interaction between the footpad and the soil. In particular, the horizontal resistances of force 4 are caused by Coulomb friction and damping of the dashpot. These contact forces between the footpad and the soil are given by
The contact stiffness of the footpad k ci varies according to the following condition:
Thus, k ci has the value k c only when the footpad contacts the soil. Force 5 derives from the motion of the actuator. In this paper, a voice coil motor is used as the actuator. The actuator generates thrust force in proportion to the input current. This active force is given by
where the current of the actuator follows the following equation of a circuit with back electromotive force of the actuator:
Force 6 derives from the stretch motion of the damper spring. This passive force of the damper is given by
However, the axial displacements in Eqs. (7) and (8) 
C. Landing on Stepped Ground
In actual spacecraft landings, the landing ground is rarely completely horizontal. To address such an eventuality, the case in which the landing ground is stepped is now considered. The landing model is shown in Fig. 5 . This case can represent any roughness of the lunar surface: for instance, obstacles such as rocks and craters. Under these landing conditions, touchdown of the landing legs occurs separately, and this causes the spacecraft to land unstably. As a worst-case scenario, the spacecraft may trip. Thus, it is important to analyze this scenario to evaluate the effectiveness of the proposed mechanisms.
A model of the soil in the form of steps, shown in Fig. 5 , is assumed to have distributed soil elements for which the height is denoted by h i . The height of the element h i has a value h when the soil element expresses a step, and the value is otherwise 0. The footpad contacts the soil element just below the footpad. Using the property h i , the contact between the footpad and the soil element is mathematically given by an equation of motion of the soil as follows:
This equation indicates that the origin point of the soil element varies with the value of h i . In comparison, equations of motion of other components, such as the main body, have the same form as Eq. (9).
D. Landing on a Slope
In the example of a nonhorizontal landing ground, a slope is considered. This landing model is shown in Fig. 6 . Here, sideslip along the slope, which is a characteristic response that occurs when landing on a slope, is evaluated. To briefly analyze the motion, touchdown between the footpad and the soil is assumed to take place horizontally, as shown on the left side of Fig. 6 .
The model of the slope shown in Fig. 6 is assumed to have inclining soil elements that move in a direction normal to the slope. The height of each element is denoted by h i , which is defined along the slope. The height h i varies with respect to the slope angle . The footpad contacts the soil element just below the footpad. Following these properties of h i , the contact can be given by an equation of motion of the soil, which takes the same form as Eq. (11).
Contact between the footpad and the soil occurs in a position that depends on the slope. Therefore, the normal force from the soil f ci t and the horizontal force f hi t take a form that is different from that of Eq. (4). More precisely, they are derived by using the displacements along the slopex fi t instead of x fi t in Eq. (4):
where x fl t x fl t cos t y fl t sin t y fl t x fl t sin t y fl t cos t
Furthermore, the form of the equations of motion related to the contact (e.g., the equations of the footpad) differs from that of Eq. (9), because the directions of the forces [Eq. (12) ] are along the slope. Thus, the equations are given by m x fi t f pi t cos t f qi t sin t f ci t cos f hi t sin m f g m y fi t f pi t sin t f qi t cos t f ci t sin f hi t cos (14)
E. Controller Design for Active Momentum Exchange Impact Damper
In the case with the AMEID, a controller is designed to enable active control. The controller is activated only between touchdown and rebound. Some assumptions are introduced in the controller design: 1) A control theory based on a linear system is used for the controller design. Thus, the nonlinear state equation (10) is linearized under the approximation in which pitching angle t and angular velocity _ t are sufficiently small. In addition, the effect of gravity is ignored in the controller design.
2) Because the period during which control can be carried out upon landing is short, the controller design is based on discrete-time optimal control theory [17, 18] . Therefore, Eq. (10) is also discretized.
3) Considering the specifications of the measuring system of the spacecraft, the motion of the soil and the horizontal motion of all the components cannot be measured accurately. Consequently, the linearized and discretized system for the controller design is simplified by ignoring the displacement of the soil x si t, the horizontal displacement of the main body yt, and so on. In this way, the system is reduced to an 18th-order system, in comparison with the original 36th-order system represented by Eq. (10) .
Based on the aforementioned assumptions, the linearized, discretized, and simplified system of Eq. (10) is given as follows:
where n is the sample number of the discrete-time system. The controller for the discretized system [Eq. (15)] is given by solution P d of the discrete-time time-invariant Riccati equation as follows:
where Q d and R d are weight matrices for the controller design. The controller design is conducted with an emphasis on controlling the rebound of the spacecraft. Therefore, only the first diagonal element of Q d , which corresponds to the displacement of the main body xt, has a value. The tuned values of the weight matrices are Q d diag 1:0 10 2 0 117 and R d I 22 . An optimal control input for the discretized system (15) is given by
However, the time-invariant Riccati equation (16) is difficult to solve directly with the provided functions in MATLAB®, which is used in the simulation section, because the linearized system is stabilizable but not controllable. Consequently, the time-varying Riccati equation is solved instead, and the convergent solution of the equation is used as P d [19, 20] .
IV. Simulations
To compare the effectiveness of the control systems, the authors conduct simulations of landing the spacecraft using MATLAB version 7.5.0. Landings in the simulations resemble experiments conducted on Earth. The values of the landing parameters are shown in Table 1 . Simulations are conducted for three variants of the system, in the same manner as in Sec. III: 1) the system without MEIDs, 2) the system with PMEIDs, and 3) the system with AMEIDs.
To evaluate some responses upon landing, four cases of landing styles are also compared: 1) free fall on a flat surface, 2) inclining fall on a flat surface, 3) free fall on stepped ground, and 4) free fall on a slope.
The initial position of the spacecraft is 0.50 m above ground on Earth in all cases. Following the 1 6 G similarity rule [15] , which is derived from lunar gravity (that is, lunar gravity is one-sixth that of the Earth's), the initial position corresponds to a height of 3.0 m above the lunar surface. The state equation is calculated according to the fourth-order Runge-Kutta method. The sampling period of the simulation is set to 0.2 ms in order to avoid diffusing the calculation.
A. Free Fall on Flat Surface
In the simulations of case 1 (free fall on a flat surface), performances of the control for rebound of the spacecraft are evaluated. The results of the simulations of the displacement of the main body and the acceleration of the main body are shown in Fig. 7 . The left-hand graphs and the right-hand graphs of Fig. 7 indicate the results of displacement and acceleration, respectively. Figure 7a shows the results of the system without MEIDs, Fig. 7b shows the results with PMEIDs, and Fig. 7c shows the results with AMEIDs.
The current of the actuator and the input voltage in the case of Fig. 7c are shown in Fig. 8 . The current and the voltage of the left and right legs were the same in this case; thus, only the results of the left side are shown. For better visual understanding, animations of the spacecraft landing in Figs. 7a and 7c are shown in Fig. 9 . Figure 7a shows that the displacement of the main body repeatedly increases and declines, and the maximum displacement after touchdown (near 0.3 s) is 95.6 mm, which is larger than that of the other mechanisms. Large accelerations are also induced repeatedly after the first touchdown. These responses indicate that rebound of the spacecraft occurs and is maintained in the system without MEID. In contrast, displacements in Figs. 7b and 7c exhibit minimal change after the first touchdown; more precisely, the maximum displacements after touchdown are 10.5 and 5.1 mm, respectively. This indicates that the system with MEIDs can prevent rebound in this case. In fact, in the system with MEIDs, negative acceleration (which is caused by the momentum exchange component of the MEID) is induced in the main body after touchdown. In particular, the system with AMEIDs exhibits good control performance. Figure 8 shows that voltage as control input is induced in the actuators just when the spacecraft touches down. Accordingly, the voltage and back electromotive force generate a large current and corresponding actuator force, and the maximum rebound is effectively reduced. This also slightly reduces the maximum acceleration of the spacecraft.
For reference, Fig. 10 shows the relationships between the damper mass weight and the maximum rebound height in both the PMEID and the AMEID cases. This figure indicates that, in the AMEID case, the maximum rebound can be reduced, in contrast with the PMEID case, through the use of any damper mass.
B. Inclined Fall on Flat Surface
In the simulation of case 2 (inclining fall on a flat surface), a spacecraft inclined at 30 deg is analyzed. Here, as the spacecraft moves not only vertically but also horizontally and rotationally, the control performances of pitching swing vibration are evaluated. Simulation results of the displacement and pitching angle of the spacecraft are shown in Fig. 11 . The actuator currents and input voltages in the system with AMEIDs (Fig. 11c) are shown in Fig. 12 . In this case, the currents and the voltages exhibit asymmetrical motion. The results for both sides of the spacecraft are shown in Fig. 12 . The upper panels of Fig. 12 display the results of the lefthand side, and the lower panels display those of the right-hand side. Animations of landings in Figs. 11a and 11c are shown in Fig. 13 . In this figure, the spacecraft appears to be distorted: this is not because the legs of the spacecraft are displaced, but because the aspect ratio of the figure is 5:4.
In Fig. 11 , the displacement response in the system without MEIDs (Fig. 11a) vibrates severely, similar to the result of case 1, and the maximum height of the rebound is 73.0 mm. In addition, the pitching angle response changes greatly, vibrating from 8:8 to 9.9 deg. This means that the spacecraft moves with a large swing vibration. In the result shown in Fig. 11b , the effectiveness of the PMEID for each response is verified to some extent. In particular, the response of the pitching angle shows that, although the maximum value of the amplitude of the swing vibration can be reduced, the rotational vibration remains longer than does that of case 1. This means that there are some problems, such as residual vibration, that the PMEID cannot manage. Compared with Figs. 11a and 11b, the system with AMEIDs (Fig. 11c ) exhibits significantly better control performances for each response, particularly for swing vibration. This effect derives from the motion of the actuator, which is related to the motion of the spacecraft. Here, both voltages in Fig. 12 show the same result. This is because the controller is activated when either of the landing legs touches down and, at the same time, it induces the same control voltages to the actuators of both sides. In Fig. 12 , there are secondary peaks of input voltages when the right leg first touches down (near 0.5 s). These peaks occur because the controller is secondarily activated. At this time, the left damper does not have sufficient momentum to fly away. Therefore, the controller meets the activated condition. Through the preceding process, the swing vibration of the spacecraft can be managed by the MEIDs and, particularly, by the AMEIDs.
C. Free Fall on Stepped Ground
In the simulation of case 3 (free fall on stepped ground), landing on stepped ground corresponding to ground inclining by 35 deg is analyzed. In this case, the right leg lands ahead of the left. The initial posture of the spacecraft is parallel to the horizontal surface. Figure 14 shows the results of the simulation of the displacement and the pitching angle of the spacecraft. The currents of the actuators and the input voltages in Fig. 14c are shown in Fig. 15 . The upper panels of Fig. 15 show the results of the left side, and the lower panels show those of the right side.
Animations of the Figs. 14a and 14c spacecraft landings are presented in Fig. 16 . Here, in Fig. 16a , the spacecraft overturns. Consequently, the effectiveness for controlling tripover must be evaluated.
In Fig. 14, the responses of the system without MEIDs (Fig. 14a ) differ from those of the other cases. The most important feature is that the result of the pitching angle of the spacecraft diffuses. This indicates that the spacecraft turns around in the counterclockwise direction and finally overturns in the left direction. In a real mission, such spacecraft overturn is undesirable.
In comparison, the pitching angle response of the systems with MEIDs (Figs. 14b and 14c) converges. This means that systems with MEIDs are able to prevent spacecraft tripover. The mechanism of prevention is derived from the initial motion of the MEIDs upon landing. The MEID dampers are able to absorb the momentum of the spacecraft, which is directed away from the ground. Therefore, the spacecraft is able to maintain its position and posture. In particular, the system with AMEIDs is also able to prevent rotational motion, in contrast with other systems, owing to the effective motion of its actuator. In Fig. 15 , secondary peaks in input voltages can be seen when the left leg first touches down. The cause of these is the same as the cause of the secondary peaks observed in Fig. 12 . The preceding results therefore verify that the systems with MEIDs are able to obviate spacecraft tripover.
D. Free Fall on Slope
In the simulation of case 4 (free fall on a slope), landing on a slope with an incline of 30 deg is analyzed. In this case, the right leg lands ahead of the left. The initial posture of the spacecraft is parallel to the horizontal surface. Figure 17 shows the results of the simulation of the pitching angle and the horizontal displacement of the spacecraft. The horizontal displacement is depicted in order to evaluate the performance related to controlling sideslip along the slope, which is a characteristic response upon landing on a slope. However, because horizontal displacement without MEIDs does not converge within the time interval [0.0-1.0], Fig. 17 shows the results of the horizontal displacement without MEIDs (Fig. 17a) Fig. 19 .
In Fig. 17 , the responses of the pitching angle and the horizontal displacement without MEIDs (Fig. 17a) exhibit larger vibratory motion than do the other systems (Figs. 17b and 17c) , and the spacecraft in Fig. 17a undergoes large horizontal motion. Thus, the spacecraft without MEIDs slips over a large distance along the slope as the left leg rebounds. Figure 19a also shows that the left leg of the spacecraft rebounds by a large amount (labeled as "3. Rebound"). Such a response, in which the spacecraft slips along the slope, is defined in this paper as sideslip. The sideslip is evaluated according to the maximum horizontal displacement at the equilibrium point on the slope. In this case, the spacecraft sideslips are 158.1 mm in Fig. 19a , 78.7 mm in Fig. 19b , and 92.5 mm in Fig. 19c . These results indicate that spacecraft sideslip is reduced in the cases with MEIDs. As shown in Fig. 17 , compared with the system without MEIDs (shown in Fig. 17a) , the results of the systems with MEIDs (Figs. 17b  and 17c ) exhibit fast convergent responses, particularly for the results of the horizontal displacement. Figure 19c also indicates that rebound of the left leg is prevented by the AMEID motion. Here, the MEID works to press the spacecraft to the slope, and sideslip and rebound of the left leg are thereby effectively reduced. However, there is minimal difference between the results with PMEIDs and those with AMEIDs. This is because when the right leg first touches down, the direction of the force from the soil is not vertical but along the slope. Thus, the right-hand MEID does not work effectively at first touchdown and, consequently, initial horizontal motion is not effectively prevented.
Based on the preceding results, the systems with MEIDs are able to control sideslip and other shock responses in this case.
V. Conclusions
In this paper, a method has been proposed for controlling the landing of a spacecraft by means of MEID mechanisms, especially AMEID mechanisms, which reduce the effects of shock responses. To evaluate the effectiveness of the control, the proposed landing system was modeled. In the models, a horizontal surface, a stepped ground, and a sloped ground were analyzed. Using these models, four simulations were conducted, the results of which are summarized as follows:
1) In case 1, for free fall on a flat surface, rebound of the spacecraft is reduced in the system with MEIDs and, especially, in the system with AMEIDs.
2) In case 2, for inclined fall on a flat surface, swing vibration of the spacecraft can be controlled by MEIDs and, especially, by AMEIDs.
3) In case 3, for free fall on stepped ground, tripover of the spacecraft upon landing on stepped ground is prevented by the system with MEIDs. 4) In case 4, for free fall on a slope, the system with MEIDs is able to control sideslip and other shock responses.
The simulation results demonstrate the effectiveness of control methods that use MEIDs, especially AMEIDs, for reducing the shock responses of a landing spacecraft. The noteworthy features are determined as follows:
1) AMEIDs are implemented to suppress the response of the spacecraft using less mass as compared with PMEIDs.
2) The actuator used in the AMEID is in the feasible domain.
3) A start of the control for AMEID should be adjusted through an optimization process. 
